ABSTRACT This study was conducted to determine the effects of heat stress on pH, lipid peroxidation, protein oxidation, and functionalities of breast meat in broilers. The experimental birds were exposed to 2 temperatures: 24°C (control) and 41°C (heat-stressed) for 0, 1, 2, 3, and 5 h. As compared with control, the pH determinations after slaughter for 30 min and 24 h of chilling, respectively, of the pectoralis major in the heat-stressed groups were significantly lower (P < 0.05). Oxidative stability of i.m. lipid in 3-and 5-h groups (P < 0.01) and protein in 2-, 3-, and 5-h groups (P < 0.01) increased. Protein solubility of pectorilas major decreased after heat exposure. Drip loss and cooking loss were increased in groups from 1 to 5 h of exposure. A reduced strength was noted for myofibrillar protein gels of heat-stressed breasts in exposed groups (P < 0.01); also water-holding capacity of the gels was reduced in treatments of 2, 3, and 5 h (P < 0.01). The results demonstrated that preslaughter exposures to heat reduced the oxidative stability of broiler muscle protein, which might be responsible for decreased protein functionalities such as gelation.
INTRODUCTION
Heat stress is common in poultry production. The metabolic disorder results easily from the hot seasons or the exposure in the line haul when broiler bodies got the higher temperature, which can induce the decrease of the eating qualities and functional properties of muscle proteins. Northcutt et al. (1994) reported that the heat stress was the important exogenous factor, which may affect the meat qualities, and if broilers were under the acute or short hot conditions, the PSE-like meat would be produced. McKee and Sams (1997) indicated that the seasonal heat stress application accelerated adenosine triphosphate (ATP) depletion and increased the percentage of birds that would be classified as PSElike.
Acute heat stress could also make the broilers engender hyperthermal muscle illness, increase the activity of muscle creatine kinase, change cell membrane integrity in breast muscle glycolytic metabolism, and increase the osmotic effect of the membrane (Mitchell and Sandercock, 1995; Sandercock et al., 2001; Bao et al., 2004) . There were many reports about the effects of acute heat stress on broilers, which mainly focused on the physiological and biochemical indices, pathological damages of structure and viscera, and the expression of heat shock protein (HSP). Li et al. (2005) examined the changes of O 2 and CO 2 pressures when broilers were exposed at 37°C for 24 h. Sun et al. (2005a,b) reported the changes on constitutive or cognate HSP70 mRNA transcription level and HSP expression in heart muscle.
Research on the effects of heat stress on functional properties in muscle proteins has been limited. Feng et al. (2006) investigated the effects of daily circular high temperature on oxidation stress of pectoralis major mitochondria, meat color, and pH value in broilers, and they showed that cyclic high temperature induced oxidation stress of pectoralis major, lower pH, denatured muscle protein, and high drip loss, L* value, and shear force. Reports with regards to the effects of heat stress on oxidation damage of muscle proteins and protein functionalities were rare. Because oxidation is a main factor affecting muscle protein functionality during processing and storage (Ooizumi and Xiong, 2004) , it is of interest to examine how heat stress-induced protein oxidation would alter chicken protein functional properties. The objective of the present study was to determine the influences of heat exposure on lipid and protein oxidation and subsequent effect on the functionalities of myofibrillar proteins of meat from Arbor Acres broilers.
MATERIALS AND METHODS

Birds and Management
Two hundred Arbor Acres broilers (bought from Jiangsu Jinghai Poultry Industry Group Co. Ltd., Jiangsu, China) aged 1 d were divided into 5 pens (groups) at random with 40 birds in each group. Each of 20 broilers lived in 1 cage (2 m long × 1 m wide × 40 cm high). All of these broilers were fed according to the NRC (1994) nutrition standard in a temperature-control laboratory of the College of Animal Science and Technology, Nanjing Agricultural University, with free access to water. The room temperature was maintained at 25 ± 1°C and RH at 53 to 60% during the experimental period.
Slaughter and Dissection Procedure
These birds were immunized with a standardized program and fed for 30 d under the above-described conditions. At 12 h before the treatments, fasting began and water was allowed until slaughter. Then, 2 birds from each group were randomly assigned to the control group (0 h, 10 birds in total), which was continuously kept at 25 ± 1°C. The other birds were exposed to 40 ± 1°C immediately for 1, 2, 3, or 5 h. Ten birds from each group were electrically stunned (70 V, 5 s), manually cut (left carotid artery and jugular vein), bled out for 2 min, then scalded in 55°C hot water for 30 s. Pectoralis majors were immediately separated from carcasses after feather was removed using artificial method (60 s spent). Some pectoralis majors from both breasts of 1 individual bird were washed for 30 s with ice-cold distilled water and then sealed in polyethylene bags and placed in an ambient environment to determine the internal temperature after slaughter for 30 min (T 30min ) and pH determination after slaughter for 30 min (pH 30min ), and the others for myofibril preparation were stored at 0 to 4°C.
Measurements and Analysis
Temperature and pH. The initial temperature of pectoralis major was measured using the temperature probe of a pH meter (Hanna-HI9025, Hanna Instruments, Padova, Italy) 30 min after broilers were slaughtered and then the pectoralis majors were put into a refrigerator quickly and kept at 0 to 4°C for 24 h to determine the muscle internal temperature (T 24h ).
The pH 30min and pH determination after slaughter for 24 h of chilling (pH 24h ) of ground meat were determined in triplicate using a modification of the iodoacetate method initially described by Jeacocke (1977) . Approximately 2.5 g of ground meat was homogenized in 25 mL of an iodoacetate solution (5 mM sodium iodoacetate, 150 mM potassium chloride, and the pH adjusted to 7.0 with potassium hydroxide) for 30 s, and the pH of the homogenate was determined using a pH meter calibrated at pH 4.0 and pH 7.0.
Preparation of Myofibrils. Myofibrils were isolated from postrigor (36 to 40 h postmortem) pectoralis majors of 6 chicken broilers (30 d old) according to the procedure of Xiong et al. (2000) with modifications. The buffer solution (pH 7.0) is made up of 0.1 M KCl, 2 mM MgCl 2 , 1 mM ethylene glycol tetra acetic acid, 0.5 mM dithiothreitol, and 10 mM K 2 HPO 4 . After the determination of protein concentration by the Biuret method (Gornall et al., 1949) , some of the final myofibril pellets were slowly stirred into the buffer to give a protein concentration of about 5 mg/mL for protein carbonyl content determination and others for the preparation of heat-induced gel. This dilute myofibril suspension was kept in an ice bath and analyzed within 3 d.
Preparation of Heat-Induced Gel. Heat-induced gels were prepared by suspending 18 mg/mL (total of 4 mL) of myofibrillar proteins in 0.6 M NaCl and 50 mM KH 2 PO 4 /K 2 HPO 4 (pH 6.5) in centrifuge tubes and heating from 20 to 70°C at approximately 1.0°C/min using a heating circulator (Julabo F25-ME, Seelbach, Germany) with subsequent cooling to 4°C.
TBA Reactive Substances. The method was based on the procedure of Botsoglou et al. (1994) . Twenty milliliters of pure water was added into 1.5 g of meat sample. After homogenization, 5 mL of 25% trichloroacetic acid (TCA) was added into the homogenate, followed by stirring at 4°C for 15 min gently. The mixture was centrifuged at 13,000 × g for 15 min at 4°C, and the supernatant for 3.5 mL was incubated with 1.5 mL of 0.6% aqueous TBA for 30 min in a water bath at 70°C. After the sample was cool, the absorbance was measured at 532 nm. Calibration curves were prepared using malondialdehyde (MDA) standard working solutions. A stock MDA solution was obtained after hydrolysis of triethyl phosphate in 0.1 N HCl. Appropriate working solutions were prepared from the stock of MDA solution. The samples and tubes used for the calibration were taken through the TBA procedure at the same time. The TBA reactive substances values are expressed as micrograms of MDA per kilogram of meat.
Protein Carbonyl Content. The method described by Martinaud et al. (1997) was followed with slight modifications. Briefly, 2 tubes of 1.0-mL sarcoplasmic protein samples were taken; one was marked as test and the other as control, and so were the myofibrillar protein samples. The control was treated with 4.0 mL of 2.5 M HCl and the test with 4 mL of 10 mM 2,4-dinitrophenylhydrazine (DNPH) in 2.5 M HCl. The contents were mixed thoroughly with agitation every 15 min and incubated in the dark (ambient temperature) for 1 h. Then, 5 mL of 20% TCA (wt/vol) was added into both tubes and the mixture was left on ice for 10 min. Two samples were precipitated with 10% TCA and centrifuged at 1,482 × g for 20 min to obtain the protein pellets. Finally, the pellets were washed 3 times with 4 mL of ethanol:ethyl acetate (1:1, vol/ vol) to remove unreacted DNPH and lipid remnants. The final protein pellet was dissolved in 2 mL of 6 M guanidine hydrochloride and incubated at 37°C for 10 min. Absorbance was measured at 370 nm (Beckman DU 640, Fullerton, CA) for the DNPH-treated sample against a HCl control. The amount of carbonyl was expressed as nanomoles of DNPH fixed per milligram of protein. The protein content was determined by the Biuret method using BSA as standard.
Protein Solubility. The solubility of the sarcoplasmic, myofibrillar, and total proteins was determined using the procedure of Joo et al. (1999) . Sarcoplasmic proteins were extracted from 1 g of muscle using 10 mL of ice-cold 0.025 M potassium phosphate buffer (pH 7.2). The samples were minced and homogenized with a polytron homogenizer (Ultra-Turrax, T-25 basic, Staufen, Germany) at the lowest setting in an icewater bath and then left on a shaker at 4°C overnight. Samples were centrifuged at 1,500 × g for 20 min and the protein concentration in the supernatants was determined by the Biuret method. Total proteins were extracted from 1 g of muscle using 20 mL of ice-cold 1.1 M potassium iodide in 0.1 M phosphate buffer (pH 7.2). The same procedures including homogenization, shaking, centrifugation, and protein determination were used as described above. Myofibrillar protein concentrations were obtained by difference between total and sarcoplasmic protein solubility.
Drip Loss and Cooking Loss. A cored sample, 4 cm in diameter, of the cranial section of the pectoralis majors was collected and weighed. Subsequently, the core was suspended from a steel wire hook attached to the lid of a 1-L polyethylene-pentene jar. Samples were stored at 0 to 4°C for 48 h. Samples were reweighed, and drip loss was calculated. The drip loss (%) was reported as (weight of drip loss/weight of meat) × 100%, and measurements were taken in duplicate with 3 replications.
Fillets (1-cm thickness) were heated to 72°C internal temperature in a water bath (Dea Han Co., Model 10-101, Seoul, Korea) and then reweighed to determine total cooking loss. The cooking loss (%) was reported as: (weight of water lost/weight of raw batter) × 100%. The cooking loss was measured in duplicate on samples taken from 3 different samples during the analysis.
Gel Strength. Texture analysis was performed using a TA.XT2i SMS Stable Micro Systems Texture Analyzer (Stable Microsystems Ltd., Surrey, UK) with the Texture Expert programmer. A cylinder probe with diameter of 5 mm was chosen and the probe speed was set up to 1 mm/s. The tests were performed by penetrating the sample until rupture. The rupture force, corresponding to the first major peak, was used to represent gel strength.
Water-Holding Capacity. Myofibrillar protein gels were placed in centrifuge tubes and then centrifuged at 3,024 × g for 5 min (0 to 4°C). Water-holding capacity (%) was calculated as the pellet weight (g) after centrifugation divided by the original weight (g) of the gel before centrifugation.
Statistical Analysis. Collected data were subjected to variance analysis using a completely randomized design. Basic statistics and variance analysis were preformed to test the significance between the treatments. To evaluate the differences between the control and samples, significant means were further analyzed with Duncan's multiple range tests. Data were analyzed by ANOVA using PROC MIXED and PROC CORR (SAS Institute, Cary, NC).
RESULTS
Effects of Heat Exposure on Muscle pH, Temperature, Lipid Overoxidation, and Protein Oxidation
It was discovered that pH 30min and pH 24h of pectoralis majors decreased gradually with the duration time of heat exposure ( Table 1 ). The pH 30min of 4 experimental groups was all found to be significantly different from that of the control (P < 0.01). The groups exposed for 2 h or more had higher pH 24h than that of the control (P < 0.05). Significant increase in T 30min was observed between the experimental group and the control group (P < 0.01); however, there was no difference in T 30min for groups exposed for 1, 2, and 3 h (P > 0.05). Groups exposed for 1 h had the same T 24h as control, but the exposure time for 2 h or more resulted in a high T 24h compared with that of the control (P < 0.05).
Compared with the control group, MDA and protein carbonyl content of heat-exposed pectoralis majors increased in different extents. The MDA of lipid oxidation of pectoralis majors with 3 and 5 h of heat exposure was approximately 4-fold that of the control level (P < 0.01), but short exposure time had no difference with comparison to the control. The sarcoplasmic protein carbonyl contents of pectoralis majors between 2-, 3-, and 5-h groups were not significantly different (P > 0.05), whereas the contents of these groups had a significant increase, compared with the control group (P < 0.01). The carbonyl contents in myofibrillar proteins after 2, 3, and 5 h of heat exposure were increased 1.39-, 1.43-, and 1.36-fold, compared with that of control levels (P < 0.01).
Effects of Heat Exposure on Protein Solubility, Drip Loss, and Cooking Loss of Pectoralis Majors
Protein solubility, drip loss, cooking loss, gel strength, and water-holding capacity are attributes used to describe protein functionalities in meat processing. The sarcoplasmic and myofibrillar protein solubilities in 2, 3, and 5 h of heat-exposed broilers were found to be significantly different from those of the control broilers, respectively (P < 0.01). The drip loss and cooking loss of pectoralis majors from broilers with 5 h of heat exposure were obviously higher than that from control (P < 0.01; Table 2 ).
Effects of Heat Exposure on Gel Properties of Myofibrillar Proteins
The heat exposure obviously exhibited damage to the gel strength and water-holding capacity of myofibillar protein gels (Table 3) . Compared with the control, the heat-exposed groups had a significant (P < 0.01) decrease in gel strength of myofibrillar proteins from pectoralis majors. The heat-exposed group for 2 h had the weakest gel and lowest water-holding capacity. For the broilers with exposure to heat stress for 2, 3, and 5 h before slaughter, the water-holding capacity of gel decreased by approximately 18, 10, and 13% (P < 0.01), compared with the control, respectively. It could be explained by the denaturation of myofibrillar proteins, especially myosin.
Correlation Between pH, Oxidation, Protein Solubility Drip Loss, and Cooking Loss of Pectoralis Majors
As shown in Table 4 , pH 30min and pH 24h had a very significant negative correlation (P < 0.01) with drip loss and cooking loss. The carbonyl contents of sarcoplasmic and myofibrillar proteins and MDA of the muscle lipid had a very significant positive correlation with drip loss and cooking loss but a significant negative correlation with protein solubility (P < 0.01).
Correlation Between pH, Solubility, Oxidation, and Gel Properties of Pectoralis Majors
As shown in Table 5 , the pH 24h after slaughter and myofibrillar protein solubility had a significant positive correlation with gel strength and water-holding capacity (P < 0.05). The oxidative degree of i.m. fat and myofibrillar proteins had a significant negative correlation with gel strength and water-holding capacity (P < 0.05).
DISCUSSION
Meat quality was influenced largely by the ultimate pH (Sales and Mellett, 1996; Young et al., 2004) . The pH value was one of the most important physical parameters for the qualitative profile of meat and it was widely used as a predictor of meat technological and sensory qualities (El Rammouz et al., 2004) . In the present study, the significant decrease in pH 30min and pH 24h of pectoralis majors from 1 to 5 h of exposure, compared with the control group, was consistent with the findings of Sandercock et al. (2001) . These authors reported that the decrease of pH value during aging was mainly due to lactic acid accumulation in glycoly- sis and H + from ATP hydrolyzation. It was suggested that heat exposures probably increased the release of hormones, accelerated decomposition of glycogen, and increased the rate of muscle glycolysis, leading to the pH decline. In the present study, the accelerated postmortem pH decrease in heat-stressed broilers could be attributed to the initial high temperature (T 30min ) of pectoralis majors, a condition that could facilitate ATP hydrolysis and glycolysis of muscle hepatin (McKee and Sams, 1998) , thereby inducing a low pH.
Malondialdehyde and protein carbonyls were compounds derived from lipid and protein oxidation. The amount of these compounds was a response of oxidative extent of lipid and proteins (Srinivasan et al., 1996) . It is well known that oxidative stress can stimulate the production of reactive oxygen species, induce lipid peroxidation, and cause protein and DNA damages (Dröge, 2002) . On the other hand, acute heat stresses result in increased levels of reactive oxygen species in mitochondria isolated from the skeletal muscle of broilers (Mujahid et al., 2006) . Altan et al. (2003) reported that the exposure of broiler chickens at 38 ± 1°C for 3 h could heighten the extent of fat oxidation in blood, enhance the activity of catalase, superoxide dismutase, and glutathione raductase. From the present experiment, heat exposure increased the oxidation of sarcoplasmic and myofibrillar proteins from pectoralis majors of broiler chickens to different extents, and the muscle with heat exposure for 3 h had the highest lipid and protein oxidative value. According to previous observations, preslaughter heat exposure could probably fasten the oxidation process of muscle; maybe the increased reactive oxygen species attacked unsaturated lipid in muscle, and then a lot of MDA was produced. As a result, the advanced oxidative damage of muscle proteins would result in lots of protein carbonyls.
Protein solubility was one of the important functionalities to indicate the denatured extent of proteins. The more the extent of denaturation, the lower the protein solubility (Joo et al., 1999) . Compared with the control group, pectoralis majors in heat-exposed broilers had low pH close to the isoelectric point of myofibrillar proteins (5.5) and a high amount of MDA and protein carbonyls, especially in the 2-, 3-, and 5-h heat-exposed broilers, which contributed to the decrease of the sarcoplasmic and myofibrillar protein solubility. All of these results agreed with those of Xiong (1992) , who pointed out that the protein solubility of breast myofibrils increased greatly varying with the pH raised from 5.5 to 6.0. Van Laack et al. (2000) showed that the pH 24h had a significant positive correlation with sarcoplasmic protein solubility. Rowe et al. (2004) also pointed out that the oxidative reactions involving the side chains of amino acids can lead to the formation of carbonyl groups, and this conversion may ultimately result in the increased protein aggregation and loss of solubility. In this work, it was found that the oxidative extent of sarcoplasmic proteins and myofibrillar proteins had a very significant negative correlation with their solubility, and it indicated that the decrease of muscle protein solubility caused by heat exposure was related to protein and lipid oxidation.
Water-holding capacity was one of the important edible qualities of meat. In the present study, the drip loss and cooking loss were measured to study the effect of heat exposure on the water-holding capacity of pectoralis majors. The different responses of drip loss and cooking loss to heat exposure suggested the waterholding capacity of proteins was susceptible to oxidative damages. Compared with the control group, heat exposure increased the drip loss and cooking loss to various extents. This result was in accordance with the *0.01 < P < 0.05; **P < 0.01. , 2006 ). An increased lipid oxidation might change membrane structures and functions, and membrane osmosis, which caused a loss of drip loss. Richardson and Jones (1987) and Daum-Thunberg et al. (1992) and Xiong et al. (1993) also showed reduced cooking loss as a result of increasing pH for turkeys and chickens. Because muscle proteins would carry more net negative charges as the pH was raised, an enhanced protein-water interaction and therefore a decreased moisture loss could be expected . Joo et al. (1999) reported that the correlative coefficients between sarcoplasmic protein solubility, myofibrillar protein, total protein solubility, and drip loss were −0.72, −0.53, and −0.64, respectively, which was consistent with our results. Gel properties of myofibrillar proteins play a key role in the texture and sensory properties of meat products. The gel properties were not only influenced by process conditions but were also dependent on the denatured extent of proteins. Xiong and Brekke (1991) also reported that pH had a marked effect on isolated myofibril gelation. From the present results, heat exposure decreased the gel strength and water-holding capacity of myofibrillar protein gel clearly. The possible reason was that heat stress could induce a low pH, an increased denaturation of proteins, and the decreased solubility of myofibrillar proteins and low myosin extractability in salt solution (Pietrzak et al., 1997) , consequently leading to the development of a poor gel. This result was supported by the work of Xiong and Brekke (1991) , who found that at pH 5.50, breast myofibrils formed very weak gels because of the low protein solubility and low extractability, and gels with the greatest rigidity were produced at pH 6.00. Xiong (1992) also pointed out that gel strength of breast myofibrils was most sensitive to acidic pH and sharply decreased when the pH was reduced from 6.0 to 5.8. In the present study, it was discovered that the increased protein oxidation from heat exposure had a very significant negative correlation with gel properties of myofibrillar proteins, indicating that the increased protein oxidation was detrimental to gel properties of myofibrillar proteins.
Lipid oxidation affected the functionality of myofibrillar proteins. It may be explained by free radicals produced by lipid oxidation, which attacked amino acids on protein side chains and resulted in the change of protein structures and the increase of carbonyl ramifications and protein polymers. As a result, protein solubility was reduced, and a weak gel and low waterholding capacity were expected (Decker et al., 1993) . Liu et al. (2000) reported that oxidation substantially reduced the gelling ability of myofibrillar proteins. The oxidated myofibrillar proteins had low heat-denatured temperature and poor heat stability. The decrease in the thermal stability of myosin and actin was presumably the consequence of oxidative modifications in their primary structures. It was easy to form more proteinunited polymers before heat inducement, which inhibited to form the strong gel network for favorable gel water-holding capacity. It was expected that muscle oxidation caused by heat exposure had unfavorable effects on myofibrillar protein gel strength and waterholding capacity.
The present study showed that preslaughter heat exposure increased muscle lipid oxidation and protein oxidation in pectoralis majors. Consequently, the drip loss and cooking loss increased, whereas the muscle protein solubility and gel properties decreased. It was suggested that heat exposure to 40 ± 1°C for 2 to 5 h was detrimental to the protein functionalities and sensory and texture qualities of gels from pectoralis majors in broilers. 
